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Abstract
Cellular mechanisms underlying the expression of stress proteins (HSP) were studied in the human cell-line A549 submitted
to a pollutant, cadmium, in the presence of several agents which modulate the glutathione level and, supposedly, the effects of
this metal in the cell. It was observed that HSP 90, HSP 72 and HSP 27 are significantly over-expressed after exposure to
cadmium chloride for 24 h. Low cadmium concentrations (i.e. from 1 to 10 WM) also triggered a slight accumulation of
glutathione, whereas this compound was depleted after exposure to higher cadmium concentrations (25^100 WM). When 50
WM diethyl-maleate, which traps glutathione, was added together with cadmium, the over-expression of HSP 72 and HSP 90
was much stronger. Treatment of cells with 20 or 40 mM N-acetyl-L-cysteine, which traps free radicals, was found to increase
by 30% the glutathione level and to suppress the HSP over-expression. From our results, it is suggested that HSP induction
by cadmium in A549 cells is due, at least in part, to the oxidative stress consisting in formation of reactive oxygen species and
inhibition of peroxides detoxification. Due to this oxidative status within the cell, more proteins would be damaged inducing
the HSP over-expression. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
It is now widely documented that cells respond to
a variety of environmental aggressions by producing
stress proteins [1]. These proteins, discovered after
submitting cells to hyperthermia and therefore ¢rstly
known as heat shock proteins (HSP), play a major
role in cell protection and repair, mainly acting as
molecular chaperones [2,3]. If the mechanism of ac-
tion of stress proteins within the cell is now partly
unveiled, much less is known about the molecular
mechanisms which, starting from the aggressor inter-
action with the cell, induces their over-expression,
although it is generally accepted that the ¢rst step
is related to a structural damage caused to the cell
proteins [3]. One di⁄culty arises from the fact that a
large variety of chemical or physical agents can act
that way and are indeed potent inducers of stress
proteins expression, suggesting a complexity of the
triggering mechanisms. An important step towards
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understanding of such mechanisms was the discovery
of HSF transcription factors which control the ex-
pression of genes coding several stress proteins [4].
However, it is still possible that other control path-
ways do exist and that some aggressors could act on
speci¢c targets within the cell. Besides, excessive gen-
eration of reactive oxygen species (ROS) arising from
cell metabolism have been shown to trigger a stress
response in many models [5,6].
As a contribution to identify the conditions which
elicit the stress response, we have studied, using
pharmacological tools, the onset of the stress re-
sponse in human lung A549 cell-line after exposure
to cadmium. A549 cells were chosen because they
display many di¡erentiated features of lung alveolar
cells including the production of surfactant [7].
Among stress proteins, special attention was paid
to HSP 27, HSP 72 and HSP 90 which are known
to be inducible by many cell aggressors. It is of in-
terest that HSP 27 was demonstrated: (1) to play a
role when cell switches from the proliferative to the
di¡erentiated state; and (2) to enhance resistance to
apoptosis [8]. HSP 72 has been extensively studied as
a highly inducible stress protein [9] and HSP 90 is
known to be involved in control of cell cycle, func-
tion of glucocorticoids receptors and many other
mechanisms within the cell [10].
Furthermore, there is great concern about inhaled
cadmium since this heavy metal contributes to at-
mospheric pollution from non-ferrous metals metal-
lurgy and garbage incineration [11]. It is also present
in cigarette smoke and is considered as a primary
contributor to indoor pollution [12]. Cadmium tox-
icity is largely related to its high a⁄nity for SH-
groups leading to inhibition of many enzymatic ac-
tivities [13].
One aim of this study was to de¢ne the threshold
of cadmium concentration which triggers the over-
expression of stress proteins in our model as an index
of the cell reaction, then to investigate changes in the
cell sensitivity to the metal under di¡erent conditions
related to the oxidative status and to the glutathione
content within the cell. In fact, it is well know that
intracellular glutathione, a tripeptide containing cys-
teine, plays an key role in protecting cells from oxi-
dative damages caused by a wide variety of drugs
and chemicals: glutathione may act either as a cofac-
tor for glutathione-S-transferases or as a reducing
agent for peroxidases. The e¡ect of cadmium was
therefore investigated in parallel with changes in glu-
tathione content induced by exposing the cells either
to diethyl-maleate which is known to react with glu-
tathione [14,15] or to N-acetyl-L-cysteine which is
known to trap free radicals and to be a precursor
for glutathione synthesis [6,16].
2. Materials and methods
2.1. Cell culture
The A549 cell-line has been established in perma-
nent culture from a human lung adenocarcinoma
[17]. In vitro, these cells are largely di¡erentiated as
type II alveolar epithelial cells [7]. For routine cul-
ture, cells were propagated in Dulbecco’s modi¢ed
Eagle’s medium (DMEM, 25 mM glucose) supple-
mented with 10% fetal calf serum (FCS) and non-
essential amino acids, in the presence of gentamycin
(20 Wg/ml), and grown at 37‡C in a humidi¢ed 5%
CO2 atmosphere. For experiments, cells were seeded
at a density of 2U104 cells per cm2 in Petri dishes (60
mm in diameter). Under such conditions, con£uence
was reached within 4^5 days. Cell proliferation (i.e.
growth rate) was estimated (1) by counting cells in a
suspension obtained by trypsin-EDTA treatment, us-
ing a Coulter Counter (Coultronics, France), and (2)
by estimating the total protein content per dish, us-
ing the Lowry’s method.
2.2. Protocols for induction of stress proteins
For positive control, heat shock was applied for 30
min at day 4 of the culture by placing culture £asks
in a temperature-regulated water-bath set at 45‡C.
The £asks were then replaced in standard conditions
with fresh medium for 24 h. As controlled many
times, this treatment regularly triggers a strong ex-
pression of a variety of stress proteins. Exposures to
cadmium were carried out at day 4 of the culture by
adding CdCl2 at concentrations ranging from 1 to
100 WM into the culture medium for 24 h. Then,
the cultures were directly processed for analysis,
without a period of recovery in a fresh medium. In
all cases, three culture dishes were treated in parallel.
Besides, three dishes of negative control cells (not
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submitted to any stressing treatment) were processed
similarly for comparison. All experiments were car-
ried out, at least, three times in triplicate.
2.3. Stress proteins electrophoresis and
immunoblotting
Just after chemical contact, cell layers were rinsed
with ice-cold phosphate bu¡ered saline (PBS),
scraped with a rubber policeman and collected into
a lysis-bu¡er (PBS containing 10 mM EDTA, 0.5%
Nonidet-P40, 1 mM PMSF, 1 Wg/ml aprotinin, 2 Wg/
ml leupeptin and 2 Wg/ml pepstatin, pH 7.4) and kept
at 380‡C. Prior to use, cell lysates were thawed,
sonicated for 10 s and protein concentrations were
determined using the Lowry’s method. Equal
amounts of protein (20 Wg) from cell lysates were
separated by SDS-polyacrylamide gel electrophore-
sis. Separated proteins were electroblotted onto
0.45-Wm nitrocellulose membranes. Quality of the
transfer was veri¢ed by protein staining with Pon-
ceau Red. In order to saturate the unspeci¢c sites,
the membranes were incubated for 1 h at 37‡C into a
Tris-bu¡ered saline (TBS: 10 mM Tris, 140 mM
NaCl, 0.3% Tween 20, pH 7.4). The membranes
were then incubated for 1 h at room temperature
under permanent shaking in the presence of mono-
clonal antibodies directed against HSP 90, HSP 72 or
Fig. 1. (a) Relative protein levels in A549 cells exposed to increasing concentrations of cadmium (1^100 WM). Values are means of
triplicate determinations of protein concentrations expressed in Wg per culture. Protein level was normalized to 100% in control cells,
not treated with cadmium. (b) Immunoblot autoradiographs of HSP 72 in A549 cells after 24 h exposure to CdCl2. For each dose of
CdCl2, the spot represents one culture. Experiments were performed at least 3-fold with similar results.
Fig. 2. CdCl2 e¡ects on the induction of HSP 90, HSP 72 and HSP 27. Histograms represent HSP expression levels estimated by den-
sitometric analysis of immunoreactive bands (Fig. 1b). Values from three experiments, each consisting of three samples, are means of
HSP expression levels normalized to 100% in control cells, not treated with cadmium. Statistical signi¢cance of CdCl2 global e¡ect,
P6 4U1034. Sche¡e test: *P6 0.01. Error bars represent the standard error.
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HSP 27, diluted to 1:15 000, 1:40 000 and 1:9000,
respectively, and then allowed to stand overnight at
4‡C. After washing into: (1) TBS for 5 min; (2) TBS
containing 0.1% Nonidet-P40 for 10 min; (3) TBS
for 5 min (twice), the blots were incubated at room
temperature, in darkness, for 2 h under permanent
shaking in the presence of the second antibody: a
goat anti-mouse IgG peroxidase-conjugated antibody
diluted to 1:20 000 in TBS containing 3% skimmed
milk powder. Membranes were washed again as
above and immunoreactivity was revealed with the
ECL (enhanced chemi-luminescence) Western blot-
ting kit as speci¢ed by the manufacturer (Amer-
sham). HSP levels were then determined by com-
puter-assisted densitometric analysis of the resulting
autoradiographs.
2.4. Determination of glutathione concentration
Since preliminary results indicated that more than
99% of total glutathione content in A549 cell was
present in the reduced form (GSH), we have mea-
sured total glutathione without analyzing the contri-
bution of the oxidized glutathione (GSSG). A more
precise measurement of GSH/GSSG would require
HPLC with dual electrochemical detection as pro-
posed by Zou et al. [18]. Unfortunately this special-
ized equipment was not available in our laboratory.
Total glutathione was measured in cell extracts
according to the spectrophotometric method of Cou-
telle [19] adapted to our biological material. Brie£y,
cell homogenates were treated with metaphosphoric
acid (5% ¢nal concentration) and centrifuged at
Fig. 3. Total glutathione content in A549 cells exposed to CdCl2 (0^10 WM) for 24 h in the presence or absence of DEM (50 WM).
Statistical signi¢cance of cadmium e¡ect (clear histograms), P6 0.01; cadmium e¡ect in the presence of DEM (dark histograms),
P6 8U1035 ; DEM e¡ect in the presence of cadmium, P6 3U10312. Sche¡e test : *P6 0.01.
Fig. 4. Total glutathione content in A549 cells, exposed to various CdCl2 concentrations (0^100 WM) in the presence or absence of 50
WM DEM for 24 h. Statistical signi¢cance of cadmium e¡ect in the absence of DEM (clear histograms), P = 5U1033 ; cadmium e¡ect
in the presence of DEM (dark histograms), P6 2U1035 ; DEM e¡ect in the presence of cadmium, P6 10314. Sche¡e test: *P6 0.01.
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10 000Ug for 15 min. Protein-free supernatants were
then incubated at 25‡C with 0.5 mM dithio-bis-nitro-
benzoic acid (DTNB) in 50 mM phosphate bu¡er,
5 mM EDTA (pH 7.8) and 0.1 U/ml glutathione
reductase in the presence of 1 mM NADPH. Fresh
reduced and oxidized glutathione solutions in 5%
metaphosphoric acid were used as standard. Change
in absorbance at 412 nm was measured for 5 min in
standards and protein-free supernatants.
2.5. Statistical evaluation
All data were analyzed for statistical signi¢cance
using the ANOVA and the Sche¡e multiple compar-
ison tests as available on the Statistica 5.1 for Win-
dows program. Signi¢cance was accepted for
P6 0.01. Each value, on ¢gures was the mean of at
least three determinations in triplicate þ the standard
error.
3. Results
3.1. E¡ect of a 24-h exposure to cadmium
E¡ect on cell growth, appreciated by the total pro-
tein content per dish, is reported in Fig. 1a. It ap-
pears that under our experimental conditions (i.e.
arrest of culture at the end of a 24 h-contact with
drug), cell growth was almost una¡ected by the low-
est cadmium concentrations (1^10 WM). At 25, 50
and 100 WM Cd, cell growth was slowed down by
about 5, 15 and 40%, respectively, as compared to
controls.
As expected, HSP 72 was the most strongly in-
duced stress protein in the frame of our study. Auto-
radiograph of the blots shows that the level of HSP
72 over-expression strongly depended on the cadmi-
um concentration (Fig. 1b). The two-fold increase
induced by 10 WM cadmium was found to be highly
signi¢cant as compared to controls. The densitomet-
ric analysis of immunoblots clearly showed a strong
increase of HSP 72 expression, reaching 500% for the
highest experimental dose (Fig. 2).
E¡ects of increasing concentrations of the metal
have also been tested on HSP 90 and HSP 27. Level
of HSP 90 expression was found to be moderately
enhanced in a dose-dependent manner: slightly in-
creased in cells exposed to 10 WM cadmium and
2.5-fold augmented after exposure to 100 WM. Sig-
ni¢cant over-expression of HSP 27 occurred only at
100 WM cadmium.
3.2. E¡ect of cadmium on cell glutathione content
It is usually admitted that intracellular glutathione
Fig. 5. The expression of HSP 90, HSP 72 and HSP 27 as compared to controls, after a 24-h contact with cadmium concentrations
(1^10 WM) in presence or absence of 50 WM DEM. HSP expression in control cells, not treated by cadmium or by DEM was normal-
ized to 100%. Cadmium e¡ect in the presence of 50 WM DEM, P6 10314.
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level decreases after cadmium treatment [20]. Since
the glutathione molecule is known to react as a
chemical chelator for cadmium, a decrease of this
compound is expected in cadmium-treated cells.
However, when various cadmium concentrations
were used, opposite results were found: as seen in
Fig. 3, at low cadmium concentrations, i.e. ranging
from 1 to 10 WM (clear histograms), a signi¢cant
increase in total glutathione level was observed
(P = 0.01). Similar observation was done by Chin
and Templeton [21] who reported that cadmium
caused a dose- and time-dependent increase of intra-
cellular glutathione. By contrast, higher cadmium
concentrations (ranging from 25 to 100 WM) resulted
in a 30% decrease of cell glutathione level (Fig. 4,
clear histograms).
3.3. E¡ect of diethyl-maleate (DEM) on cell growth
and glutathione content
In order to evaluate the role of glutathione on
HSP expression, A549 cells were treated for 1, 6 or
24 h with either 50 or 100 WM DEM, a glutathione-
conjugating molecule. It resulted in an arrest of the
cell growth, while control cells growth rate was in-
creased by 1.6-fold. The drug was also found to
strongly deplete cell glutathione in a dose- and
time-dependent manner: 100 WM DEM was found
to reduce by 50% the total glutathione content after
1 h of treatment, whereas 5 h in 50 WM DEM were
necessary to observe a similar e¡ect. After 24 h in the
presence of 100 WM DEM, almost no glutathione
was found. Because some cellular defense against ox-
Fig. 6. The levels of HSP 90, HSP 72 and HSP 27 expressed as percentage of controls after a 24-h contact with increasing CdCl2 con-
centrations in the presence of NAC (1, 20, 40 mM). Signi¢cance of NAC e¡ect on HSP 90, P6 2U10315 ; HSP 72, P6 4U10320 ;
HSP 27, P6 3U10310. Sche¡e test : *P6 0.01.
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idative damage must be present in stressed cells, we
have chosen the concentration of 50 WM, which de-
pletes by half only the intracellular glutathione.
In parallel with the time-dependent glutathione de-
pletion (from 1 to 24 h), we have observed that the
development of HSP expression was also time- and
dose-dependent. Indeed, with the 100 WM DEM
dose, HSP over-expression appeared from the ¢rst
h and reached a maximum 5 h later, whereas e¡ect
of 50 WM DEM was more pronounced after 24 h of
treatment (results not shown).
3.4. Combined e¡ect of cadmium and DEM on
glutathione content
In order to verify whether the Cd-induced over-
expression was enhanced under conditions that de-
plete intracellular glutathione, 1, 5, or 10 WM cadmi-
um were added 30 min after starting a treatment with
50 WM DEM. Co-incubation was carried out for 24
h. We have reported in Fig. 3 (clear histograms) that
an increase in glutathione was induced by low doses
of cadmium. This phenomenon was reversed in ex-
periments carried out in the presence of 50 WM
DEM: the glutathione level was found to decrease
in a cadmium concentration-dependent manner (Fig.
3, dark histograms).
The highest cadmium doses (10^100 WM) delivered
alone in the cultures resulted in a signi¢cant decrease
of glutathione level (P = 5U1033 ; Fig. 4, clear histo-
grams). In the presence of 50 WM DEM, the same
doses of cadmium resulted in a much stronger deple-
tion (P6 2U1035 ; Fig. 4, dark histograms).
3.5. HSP expression in the presence of DEM and
cadmium
The combined e¡ect of DEM and cadmium co-
incubated for 24 h is reported in Fig. 5. In the pres-
ence of 50 WM DEM alone, immunoreactive bands
quanti¢cation indicated a signi¢cant over-expression
of HSP 72, HSP 90 and, to a lesser extent, of HSP
27, as compared to controls (white histograms;
CdCl2 dose 0).
Under similar conditions, addition of 5 or 10 WM
cadmium (dark histograms) resulted in a much stron-
ger over-expression of stress proteins (1.8-fold for
HSP 72 and HSP 90). Similar results were obtained
when using 10^100 WM cadmium (not shown). As-
suming that this e¡ect is due to the strong depletion
in glutathione, it underscores the importance of this
tripeptide in preserving the protein structure
[22,15].
3.6. E¡ects of N-acetyl-L-cysteine on the cadmium-
induced HSP over-expression
In order to increase the cellular level of gluta-
thione, N-acetyl-L-cysteine (NAC), which is also a
potent scavenger of free radicals, notably the hydrox-
yl radical (OH) [16], was added in cultures. Treat-
ment with either 1, 20 or 40 mM NAC did not mod-
ify the HSP expression level in controls as shown in
Fig. 6. By contrast, 20 or 40 mM NAC added to-
gether with CdCl2 (10, 50 or 100 WM) was found to
suppress the cadmium-related HSP over-expression,
HSP level remaining in fact at the control level.
Fig. 7. Total glutathione content in A549 cells after a 24-h contact with CdCl2 (0^100 WM) in the presence or absence of NAC (1, 20,
40 mM). Signi¢cance of NAC e¡ect, P6 4U10317.
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However, no such e¡ect was achieved by 1 mM
NAC.
Treatment of cells with either 20 or 40 mM NAC
results in a 30% increase of glutathione level. This
e¡ect was observed in the absence and in the pres-
ence of cadmium, whatever the concentration of this
metal. Again, 1 mM NAC failed to produce this
e¡ect (Fig. 7).
4. Discussion
The aim of this study was to evaluate the contri-
bution of oxidative stress in the mechanism of cad-
mium-induced stress proteins over expression and to
de¢ne the role of stress proteins and glutathione in
the protection against cadmium toxicity in A549
cells.
Stress proteins were found to be signi¢cantly over-
expressed by cadmium after a 24-h contact. Ten WM
cadmium was su⁄cient to induce a signi¢cant over-
expression of HSP 72, whereas HSP 90 and HSP 27
were found to be less responsive to this pollutant: for
instance, 100 WM cadmium was necessary to observe
a signi¢cant over-expression of HSP 27. This last
result should be interpreted in the light of recent
¢ndings by Arrigo [23] and Mehlen et al. [24] indicat-
ing that HSP 27 is active in the cell under the form of
several transient oligomers, displaying a chaperone
function, with molecular weights ranging from 200
to 800 kDa. The monomeric HSP 27 could appear
lately as the remainder of the active forms. There-
fore, the slight increase of HSP 27, as reported in
Fig. 2, could be a mere index of a more sophisticated
cell reaction.
Our experiments indicate that exposure to low
cadmium concentrations (1^10 WM) does increase
glutathione level. This is in agreement with results
by Mehlen et al. [25] reporting that there was a cor-
relation between the increase of small HSP and the
increase of the cellular content of glutathione. These
authors suggested that small HSP expression might
modulate intracellular glutathione.
By contrast, under our experimental conditions, it
was observed that high cadmium concentrations (10^
100 WM) induced a signi¢cant decrease of the gluta-
thione level. In both cases, i.e. when using low or
high cadmium doses, we suppose that the HSP
over-expression was actually accompanied by an in-
creased synthesis of glutathione. Since cadmium can
bind stoichiometrically to glutathione, we hypothe-
size that low doses of cadmium were insu⁄cient to
trap all the neo-synthesized glutathione, resulting in
a moderate intracellular augmentation, whereas high
cadmium concentrations, by trapping more mole-
cules, lead to the observed decrease of intracellular
glutathione level.
From our results, it appears that glutathione level
varies in control cells, e.g. when comparing un-
stressed cells in Figs. 3 and 4. This fact can be ex-
plained by the varying proportion of dividing versus
quiescent cells in cultures per set of experiments as
shown by Arrigo [23] who points out that gluta-
thione level increases 3-fold when cultured cells be-
come quiescent and di¡erentiate. It is also reported
by Zou et al. [18] that glutathione levels in Hela cells
may vary from 1 to 10 mM in unstressed (control)
cells. Under our experimental conditions, cadmium
was always administered exactly 4 days after seeding
the cells, which does not insure a constant propor-
tion of quiescent versus di¡erentiated cells.
When intracellular glutathione was depleted by
50%, using 50 WM DEM, HSP levels were found to
be signi¢cantly increased after exposure to cadmium.
This glutathione depletion impedes the glutathione-
peroxidase-related detoxi¢cation of hydrogen perox-
ide (H2O2) and lipid hydroperoxides (ROOH), the
major consequence being the accumulation of hy-
droxyl radicals. Furthermore, Davies et al. [26] re-
ported that OH and to a lesser extent O32 were
responsible for important structural modi¢cations
in proteins leading to increased proteolysis. So, in-
creased amount of OH induced by glutathione de-
pletion should increase protein denaturation and
therefore should boost the HSP over-expression.
This hypothesis is supported by data from Beckmann
et al. [27] showing that induction by arsenite of heat
shock proteins could be blocked by previous incuba-
tion of Hela cells with reducing agents, such as di-
thiothreitol. Freeman et al. [15] also showed that the
glutathione depletion is responsible for (1) thiols pro-
teins oxidation and aggregation of proteins and (2)
augmentation of reactive oxygen species leading to
over-expression of HSP 70 and HSP 32 in CHO cells.
Analogous ¢ndings were most recently reported by
Zou et al. [18]. These authors showed that a repre-
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sentative set of chemical inducers of HSP synthesis,
as well as heat shock, caused drastic oxidation of
intracellular thiols resulting in denaturation of pro-
teins.
A similar mechanism could explain the induction
of HSP 90, HSP 72 and HSP 27 by the high doses of
cadmium, the decrease of glutathione concentration
being probably due to the formation of a cadmium-
glutathione complex. The increase of glutathione lev-
el observed after exposure to low cadmium concen-
trations might not be su⁄cient to overcome the ox-
idative stress generated by the metal. High cadmium
concentrations could generate very reactive oxygen
species in addition to the oxidative stress caused by
low glutathione level. Previous results of Yang et al.
[28], showed that treatment of CHO cells with cad-
mium acetate (4 WM for 4 h) decreased glutathione
peroxidase (347%), glutathione reductase (340%)
and catalase (322%) activities. This inhibition of
protective enzymes and disappearance of glutathione
trapped by cadmium have the same consequence: to
slow down or to inactivate the detoxi¢cation of
H2O2 and lipid hydroperoxides by glutathione per-
oxidase and by catalase.
Our experiments with NAC con¢rm such a
scheme. As NAC traps free radicals, particularly
the hydroxyl radical (OH), the HSP expression level
was signi¢cantly decreased in the presence of cadmi-
um. The HSP level of control was recovered in the
presence of 20 or 40 mM of NAC. These results are
in good agreement with Brennan’s results on yeast [6]
showing that treatment with NAC protects against
cadmium-induced DNA recombinations. More re-
cently, Abe et al. [29] showed that treatment of
WISH cells with 1.5 and 30 mM NAC increased
the intracellular glutathione levels by 1.4- and 3.1-
fold, respectively, and signi¢cantly reduced both
HSP 70 and metallothionein mRNA levels in cells
exposed to 50 WM CdCl2.
NAC is known to trap free radicals and to be a
precursor for glutathione synthesis. From our data,
it is not possible to conclude which e¡ect is predom-
inant. Besides, NAC containing a SH-radical could
stoichiometrically trap the cadmium before it enters
the cell. This hypothesis is supported by our results
showing a similar increase (+30%) in glutathione lev-
els in controls or in cadmium-exposed cells in the
presence of NAC, indicating a low level of ROS,
which could explain the absence of HSP over-expres-
sion.
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